We have developed a novel organometallic catalysis and applied it to drug discovery. Two new catalysts were found, ruthenium hydride with a nitrogen-containing heterocyclic carbene (A) and an organopalladium catalyst supported on a sulfur-terminated semiconductor, gallium arsenide (001) (B). Both catalysts are environmentally benign, because A can yield indole derivatives with good atom economy, and B can catalyze the Mizoroki-Heck reaction more than 10 times with only trace amounts of leached palladium (ppb level). We also describe our synthetic study of nitrogen-containing heterocycles using ring-closing metathesis (RCM), such as chiral bicyclic lactams, azacycloundecenes, axially chiral macrolactams, 1,2-dihydroquinolines and indoles, including the development of silyl-enol ether ene metathesis, selective isomerization of terminal olefin, enamide metathesis and cycloisomerization and its application to the syntheis of 4 natural products, (؊)-coniceine, (S)-pyrrolam A, angustureine, and fistulosin.
Organometallic catalyzed carbon-carbon bond formations are now essential in organic chemistry and have been widely applied to medicinal chemistry, process chemistry, etc. We developed a novel organometallic catalysis and their application to drug discovery and found two new catalysts, ruthenium hydride with a nitrogen-containing heterocyclic carbene (A) and an organopalladium catalyst supported on a sulfur-terminated semi-conductor, gallium arsenide (001) (B) (Chart 1). Both catalysts are environmentally benign, because A can yield indole derivatives with good atom economy, and B can catalyze the Mizoroki-Heck reaction more than 10 times with only trace amounts of leached palladium (ppb level). In this review, we describe the development of these catalysts and their application to the synthesis of bioactive natural products.
Development of Synthetic
Method for Nitrogen-Containing Heterocycles Using Ruthenium Catalyst Including A 1.1. Ruthenium Carbene Catalysts Transition metalcatalyzed olefin metathesis is an important topic in current chemistry. In this field, ruthenium carbene catalysts have received much attention and are frequently used in the synthesis of biologically active natural products, because of their stability, functional group tolerance, easy handling and commercial availability. [1] [2] [3] [4] Over the past decades, well-defined ruthenium catalysts have been developed and Grubbs et al. reported the first practical catalyst (D). 5, 6) The recent introduction of catalysts (E, 7-9) G 10) ) bearing N-heterocyclic carbene (NHC) ligand has led to much higher reactivity (Fig. 1) . For more than ten years, we have been exploring a synthetic methodology for nitrogen-containing heterocycles using these ruthenium carbene catalysts and applying them to the synthesis of biologically active natural products. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Here, we describe our synthetic study of nitrogen-containing heterocycles using ring-closing metathesis (RCM), such as chiral bicyclic lactams, azacycloundecenes, axially chiral macrolactams, 1,2-dihydroquinolines and indoles, including the development of silyl-enol ether ene metathesis and selective isomerization of terminal olefin, and its application to the synthesis of the natural products, (Ϫ)-coniceine, (S)-pyrrolam A and angustureine.
1.1.1. Chiral Bicyclic Lactams, Synthesis of (Ϫ)-Coniceine and (S)-Pyrrolam A 11, 15) : Biologically active alkaloids having an azabicyclic framework are abundant in nature. The pyrroloazocine, pyrroloazepine, quinolizidine, and indolizidine alkaloids fall into this category and have attracted considerable attention from the synthetic viewpoint due to their biological activity. [31] [32] [33] [34] [35] As a part of our program 12, [36] [37] [38] [39] [40] directed toward the synthesis of manzamine A (Fig. 2) , RCM strategy for the construction of optically active 1,2-cyclooctanopyrrolidine corresponding to the CD ring in manzamine A and related azabicycles was investigated. We studied RCM of chiral dienes which are readily available from L-proline.
The overall procedure consisted of the RCM reaction of chiral dienes (1) (2) (3) (4) (5) in the presence of catalyst (C, D) to form the corresponding bicyclic lactam (6-9) ( Table 1) . Dienes 1-5 were prepared from L-proline in good yield and subjected to RCM. RCM reaction of these dienes is quite interesting, since the expected azabicyclic compounds offer tremendous utility as reaction intermediates in organic synthesis. When 1 was treated with 5 mol% of catalyst C in degassed benzene (20 mM) at room temperature for 3 d, indolizidine 6 was obtained in 93% yield (entry 1). The reaction of 1 using catalyst D, on the other hand, proceeded more rapidly and 6 was obtained in 66% yield (entry 2). Cyclization of 2 to 7 also proceeded more rapidly using catalyst D and 7 was obtained in 73% yield, respectively (entry 3).
Initial attempts to cyclize diene 3 to 5 membered lactam 8 under similar conditions (20 mM, room temperature) using 10 mol% of C in benzene were unsuccessful, perhaps due to the formation of stable chelated species. Accordingly, we carried out RCM of 4 and the expected cyclization to 8 was found to occur under a forced condition (50°C) to give (S)-pyrrolam A (8) in 30% yield (entry 4). The low yield observed in the formation of 8 appeared to be due to the instability of the product under reaction conditions.
Our next stage was to explore the feasibility of construc- tion of a medium ring such as 9, which corresponds to the CD ring in manzamine A. Although in many cases acyclic ring closure did not proceed effectively in the 8 membered series, several groups [41] [42] [43] [44] [45] have succeeded in obtaining an 8 membered ring system by RCM methodology. In our preliminary investigation, the cyclization of a diene, 5, to an 8 membered ring system was not successful. However, heating the reaction of 5 and D (25 mol%) at 50°C gave 9 in 45% yield (entry 5). Lactam 6 was successfully converted to (Ϫ)-coniceine (11), the simplest indolizidine alkaloid via stepwise reductions as shown in Chart 2.
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1.1.2. Azacycloundecenes, toward Manzamine C, and Their Oxoanalogues 13) : Manzamine C (12, Fig. 2 ) is the simplest congener and bears an unprecedented azacycloundecene ring.
46) The total synthesis of 12 was first achieved by Hino's group 47, 48) and afterward by Gerlachs' group 49) and Langlois' group 50) using their own original methods. In our synthesis of 12 and trans-manzamine C (13), cis and trans azacycloundecenes were key intermediates, and were prepared by conventional methods. We have also successfully developed an efficient synthetic route to the saturated congener 14 to determine the structure-activity relationship. 51) Manzamine C (12), despite its rather simple structure, shows some of the cytotoxic activity found in manzamine A. Therefore, the synthesis of 12 and related analogues is attractive from the perspective of the structure-activity relationship.
The formation of 11-membered rings by RCM is distinctly unusual. 4) Gesson and co-workers successfully applied RCM to 11-membered lactones from carbohydrate derivatives. 52) As shown in Chart 3, azacycloundecene compounds (16 or 17), which are key intermediates in our syntheses of 12 and 13, were prepared by cyclization of the ditosylates 15 derived from the corresponding alkyne. To investigate an alternate convenient method for the synthesis of 16 or 17, we studied the RCM of 18, which can be readily obtained in 83% yield by reacting p-toluenesulfonamide with 6-bromo-1-hexene. The results are shown in Table 2 .
RCM with 10 mol% of the Grubbs catalyst D in CH 2 Cl 2 (20 mM) converted 18 to a single isomer of a cyclized product (16% yield), which was identified as the E isomer 17 by comparison with an authentic sample prepared previously, 47, 48) together with dimeric products. On the other hand, the similar reaction of 18 in diluted solution (20 mM) gave two cyclized products, 17 (major) and the Z isomer 16 (minor) (entry 2), which were readily separated by column chromatography. The yield was increased to 74% when the reactants were heated at 50°C (entry 3).
We were interested in the biological activity of an oxygenfunctionalized analogue (19, Fig. 4 ), which was expected to be more soluble in water. Metathesis substrate 21 was prepared from diallylation of the corresponding diol, which was obtained in 66% yield from the reaction of protected bromoethanol with p-toluenesulfonamide (3 steps).
Reaction of 21 in 20 mM solution of CH 2 Cl 2 or benzene using 10 mol% of D gave dimeric compound 22 (62-67%) and Z-cycloundecene 20 (11-25%) (Table 3, entries 1, 2) .
Under more diluted conditions, in 2 mM solution, 20 became the main product (53%, entry 3). The yield of 20 did not increase when the reaction mixture was heated. The structure of 20 was determined by X-ray analysis. In contrast to 18, the similar reaction of 21 gave only Z isomer 20, probably for conformational reasons. Thus, it is clear that RCM is an effective method for preparing oxygen-containing Z-undecene intermediates for manzamine C analogues, compared to the conventional method, and will be extended to the synthesis of marine alkaloids. 1.1.3. Axially Chiral Macrolactams 14, 17) : We recently reported that new axially chiral ligands, 1,1Ј-(2,2Ј-bisacylamino)binaphthalenes (BINAMIDE), are effective in the ytterbium-catalyzed asymmetric Diels-Alder reaction between cyclopentadiene and crotonyl-1,3-oxazolidin-2-one (Chart 4). 53) 1,1Ј-(2,2Ј-Bisacylamino)binaphthalenes (23) (24) (25) were synthesized by reacting binaphthyldiamine with mixed anhydride of the corresponding acid, and then reacting the product with ruthenium carbene catalyst (D) under various conditions (Table 4) .
Initial experiments were conducted on 23 in CH 2 Cl 2 (34 mM) with Grubbs' catalyst D (10 mol%) at room temperature. Although the yield was low, macrolactam 26 was obtained as a single isomer, which was assigned to be E on the basis of its X-ray analysis. Dilution and less mild conditions (50°C) using 30 mol% of D provided the best yield (96%) of 26 (entry 2).
When RCM of 5-hexenoyl derivative 24 was carried out under similar reaction conditions, a remarkably different behavior was observed with regard to the reaction time and the products. The reaction proceeded more rapidly and a mixture of E and Z geometric isomers 27 was obtained in 63% yield, favoring the Z isomer in contrast to 23, which could be separated by silica gel chromatography (entry 3). Dilution of the reaction mixture increased the yield of 27 to 89% (entry 4). RCM of 24 occurs most efficiently in CH 2 Cl 2 at refluxing temperature using 5 mol% of D (entry 5).
Starting with 6-heptenoyl amide 25, under similar conditions, the 18-membered macrolactam 28 was also obtained as a mixture of E and Z isomers (entry 6). In this reaction, the E isomer was mainly obtained.
It is generally recognised that one of the major problems in ring-closing ene-ene metathesis is how to control/predict the stereoselectivity in the formation of the new double bond. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] In the RCM of dienes 23 and 25 to the 14-membered lactam 26 and the 18-membered lactam 28, E-isomers are the major products. On the other hand, the RCM of 24 to the 16-membered ring lactam 27 gave a Z-isomer as the major product (Table 4) .
As shown in Chart 5, a stereocontrolled RCM product (30) might be useful as a key intermediate for chiral ligands, while the symmetric dicarboxylic acid (31) is a typical metabolite of patients who lack medium acyl CoA dehydrogenase. 65) To the best of our knowledge, the preparation of 31, which might be used as a building block for biologically active natural products, has not yet been reported. Although it is not yet clear what factors control the stereoselectivity, we studied the RCM reactions of tethered di-hexenoyl derivatives under various conditions (i.e., with various solvents, catalysts, and templates) and examined the stereoselectivity of the reaction leading to the new double bond. Among these conditions, the selection of a template was found to be the most effective way to influence stereoselectivity and that the desired isomer could be obtained as a major product. These structures of cyclized macrolactams are quite novel and have a unique axial angle compared to the corresponding precursors, which would be expected to make them useful for asymmetric reactions.
1.1.4. 1,2-Dihydroquinolines: Quinoline is a major class of alkaloid and plays an important role in the fields of natural products and medicinal chemistry. Several methods for synthesizing quinoline have been known since the late 1800s. However, despite their versatility, these conventional methods have several drawbacks. First, these reactions usually require high temperature and/or strongly acidic conditions, which leads to the decomposition of products and a tedious isolation procedure. Regioselectivity is another problem with the intramolecular electrophilic substitution of unsymmetrically substituted aniline derivatives. To overcome these problems, modern synthetic methods for quinoline using a transition metal-catalyst, such as ruthenium, palladium, rhodium, iron, copper, manganese or cobalt, have been investigated. In our continuing study of the RCM reaction and our approaches to the synthesis of novel antimalarial agents, 87) we developed a novel method for synthesizing substituted 1,2-dihydroquinolines using ene-ene metathesis and silyl or alkyl enol ether-ene metathesis, which proceeds under mild conditions and gives an excellent yield. This process leads to spontaneous air oxidation to quinoline after deprotection. We also describe its application to the synthesis of key intermediates for antimalarial agents, such as quinine, chloroquine, and PPMP-quinine hybrid and total synthesis of augustureine.
We first investigated RCM conditions for a,w-diene 32 derived from commercially available 2-isopropenylaniline (Chart 6). When 32 was reacted with 5% of catalyst D in CH 2 Cl 2 at refluxing temperature for 1 h, the corresponding 1,2-dihydroquinoline 33 was obtained in 92% yield.
We examined the scope and limitations of RCM for 1,2-dihydroquinoline synthesis. Various dienes were prepared from anthranilic acid derivatives and subjected to RCM reaction. The results are summarized in Table 5 .
The reaction of 34a-l with E (5 mol%) in refluxing CH 2 Cl 2 for 1 h gave the corresponding 1,2-dihydroquinolines (35a-l) via RCM in good to excellent yields (Table 5 ) regardless of the substituents (methoxy, chloro or methyl) on the aromatic ring. Having established the RCM conditions, we next examined the effect of protecting groups on nitrogen. Dienes 36a-c, which were readily prepared from commercially available o-aminostyrene, were reacted with both catalysts D and E. The reaction of N-benzyl derivative 36a with catalyst D gave 37a in excellent yield (Table 6 , entry 1), while N-acetyl derivative 36b did not give the desired cyclized product (entry 2). In this case, catalyst E probably reacted with the terminal double bond in 36b to form the chelated intermediate 39, which prohibited further RCM. When N-tert-butoxycarbonyl derivative 36c was treated with catalyst D under similar conditions, 1,2-dihydroquinoline 37c was obtained in modest yield. On the other hand, with catalyst E, the yields of 36b and 36c dramatically increased to give 37b and 37c, respectively, in almost quantitative yields (entries 3, 5). The protective groups on nitrogen of products 37a-c were readily removed during silica gel column chromatography to give 1,2-dihydroquinolines, which were spontaneously oxidized to give 4-methylquinoline 38 quantitatively.
We next investigated a similar RCM for medium-sized rings such as in benzoazepine and benzoazocine. Dienes 40 and 41 were subjected to the above reaction conditions using both Grubbs' catalysts (D, E). The reaction of 40 and 41 in the presence of catalyst D gave only the dimeric products 42 and 44, respectively. In sharp contrast, the corresponding benzoazepine 43 and benzoazocine 45 were obtained with catalyst E in excellent yields (Table 7) . Isolated 42 and 44 were converted to 43 (5 h, 98%) and 45 (6 h, 97%), respectively, under the same conditions using catalyst E.
1.1.4.1. Silyl enol ether-ene metathesis 16) : Many quinoline alkaloids which show important bioactivities, such as quinine and chloroquine, contain substituents at the 4-position. Therefore, we next focused our attention on extending this reaction to the synthesis of 4-substituted quinolines. For this purpose, we studied the synthesis of 4-methoxy-and 4-siloxy-1,2-dihydroquinolines, which, in turn, could be converted to various 4-substituted quinolines, using ene-enol ether metathesis (Table 8) .
Enol methyl ether 46a and enol silyl ether 46b were prepared from commercially available o-aminoacetophenone and subjected to our reaction conditions using catalysts D and E, respectively. When enol methyl ether 46a and enol silyl ether 46b were treated with D, the cyclized product was not obtained at all and the starting materials were recovered (entries 1, 3). In contrast, treatment of the same substrates with catalyst E gave the corresponding 4-methoxy-1,2-dihydroquinoline 47a and 4-siloxy-1,2-dihydroquinoline 47b in 95% yield, respectively (entries 2, 4). This novel synthetic method could be applied to large-scale, multigram, syntheses.
1.1.4.2. Formal synthesis of chloroquine, chinine, PPMP-quinine hybrid 21) : Encouraged by these results, we applied this novel method to the synthesis of key intermediates of antimalarial agents, such as quinine, [88] [89] [90] [91] [92] chloroquine, 93, 94) and PPMP-quinine hybrid, 87) which are shown in Chart 7.
1.1.4.3. Total synthesis of angustureine and determination of its absolute structure 24) : A novel 2-substituted quinoline alkaloid, angusturiene, was isolated from Galipea officinalis HANCOCK by Jacquemond-Collet et al. in 1999.
95) The same plant has been previously investigated and 5 quinoline alkaloids have already been reported by Rakotoson et al. in 1998. 96) Genus Galipea AUBLET is composed of approximately 20 species including Galipea officinalis HANCOCK, a shrub indigenous to the mountains of Venezuela that is known to contain 2-substituted quinoline alkaloids. These alkaloids were formerly used in folk medicine as bitter tonic to treat dyspepsia, dysentery and chronic diarrhea, and fever. 97) The ethanolic extract from the bark of G. officinalis, called angostura, possesses activity against Mycobacterium tuberculosis. 98) Recently, the antimalarial and cytotoxic activities of angusturiene, galipeine, cuspareine and galipinine have also been reported (Fig. 5 ). 99) Although the natural angusturiene is one of the main isolated fraction (980 mg from 1 kg of dried bark), its absolute configuration had not yet been reported by the time we 1104 Vol. 55, No. 8 
started this research project. 95) In the middle of our synthetic study, Wang et al. described the synthesis of angusturiene using iridium-catalyzed hydrogenation. 100) We would like to present our independent and original synthesis of optically pure (ϩ)-(S)-angusturiene and determination of the absolute configuration of the natural product, angusturiene.
As shown in Chart 8, the synthesis of angusturiene began with Wittig olefination to convert readily available 2-nitrobenzaldehyde 48 to styrene 49, followed by treatment of 49 with Zn powder in AcOH to afford aniline 50. Tosylation of the resulting amino group proceeded to give tosylated ani- Installation of a C-2 side chain was accomplished by employing Mitsunobu reaction as the first key step with readily available (R)-alcohol 52 in the presence of DEAD and PPh 3 to give the desired a,w-diene 53 in 78% yield, 99% ee. 101) With substrate 53 in hand, RCM as the second key step was undertaken to furnish a quinoline skeleton using catalyst E 0.01 M in CH 2 Cl 2 at 50°C for 1 h. The corresponding 1,2-dihydroquinoline was obtained in 92% yield. Next, hydrogenation of dihydroquinoline 54 with Adam's catalyst in MeOH under H 2 atmosphere gave tetrahydroquinoline 55 in 94% yield, followed by detosylation resulting in tetrahydroquinoline 56 quantitatively. Finally, methylation of free nitrogen enabled the completion of (ϩ) : 2-Quinolinones are valuable intermediates in organic synthesis 102) and N-sulfonyl-2-quinolinones are difficult to prepare by conventional methods because O-sulfonyl-2-quinolinones would be obtained preferentially instead of N-sulfonylation. In our previous work on the synthesis of dynemicin A, 103) we found that N-protected-2-quinolinone derivatives are good dienophiles for the Diels-Alder reaction (Chart 9). Theoretically, N-sulfonyl-2-quinolinones are better dienophiles than N-methoxycarbonyl or N-methoxymethyl derivatives. However, we could not prepare N-sulfonyl-2-quinolinones using conventional methods.
Dienes (57) were prepared by condensation of the corresponding N-protected aniline and acid chloride. When catalyst E was used for RCM of 57a under the standard conditions, no cyclized product was obtained and the starting material was recovered ( Table 9 , entry 1). Thus, instead of catalyst E, catalyst F was used under the same reaction conditions. The N-tosyl-2-quinolinone 58a was obtained in trace amounts. When the reaction temperature was raised to 100°C, N-tosyl-2-quinolinone 58a was obtained in 56% yield, while rearranged product 59 was also obtained in 32% yield (entry 3). In entry 4, the reaction temperature was reduced to 80°C, the reaction mixture was stirred for 4 h, and the desired N-tosyl-2-quinolinone 58a was obtained in quantitative yield. Thermal rearrangement of 58 to 59 occurred at 100°C quantitatively without any catalyst. Compound 59 should be a useful substrate for the synthesis of 2-substituted quinolines by a coupling reaction.
N-Crotonoyl-N-tosylaminostyrene 57b was subjected to the same reaction conditions as in entry 4 and gave N-tosyl-2-quinolinone 58a in 74% yield (entry 5). RCM of 57c was accomplished within 5 h using catalyst F, and N-benzenesulfonyl-2-quinolinone 58b was obtained in 90% yield (entry 6).
Thus, the development of a novel method for preparing Nsulfonyl-2-quinolinone was achieved by RCM using a welldefined Hoveyda catalyst (E) and dienes at 80°C. The reaction proceeded efficiently under mild conditions. : According to our findings regarding silyl enol ether-ene metathesis, we attempted the cross-metathesis of silyl enol ether with terminal olefin. Although this cross-metathesis did not succeed, we found that selective isomerization of terminal olefin (R-CH 2 -CHϭCH 2 ) to internal alkene (R-CHϭCH-CH 3 ) took place, when 5 mol% of catalyst E was used together with 10 eq of vinyloxytrimethylsilane (61a) ( Table 10 ). This novel isomerization is effective for monosubstituted terminal olefins (Table 11) .
Indole synthesis has been the subject of intensive investigations, especially in the areas of alkaloid synthesis and medicinal chemistry. 104) Our conditions favor isomerization rather than metathesis as a competitive reaction. This notable characteristic reaction is clearly demonstrated using N-allyl-o-vinylaniline (34) . Through optimization of the amount of 61a for 34a, it became clear that 1 eq of 61a was sufficient to convert 34a to the enamide (65a) in excellent yield ( treatment of 65a without purification (obtained by evaporation of the solvent) with E (5 mol%) in refluxing benzene for 1 h gave indole (66a) in quantitative yield. These results provide the first example of aromatic enamide metathesis and indole synthesis using RCM. The effect of the substituent on nitrogen was examined, and the results are shown in Table  13 . Not only p-toluenesulfonyl, but also acetyl, benzoyl, tertbutoxycarbonyl, benzyloxycarbonyl and methanesulfonyl derivatives gave the corresponding indoles (66) via enamides (65) .
To clarify the scope and limitations of this indole synthesis, the effect of the substituent on the aromatic ring was examined, and the results are summarized in Table 14 . Under our optimized reaction conditions, 34a-l gave enamide (65a-l) quantitatively. Although substituents at the ortho position of styrene in 34, such as in 34e, 34j, and 34k, prevented cyclization to give the corresponding indoles (entries 5, 10, 11) probably due to steric and/or chelating effects, other substrates gave the corresponding RCM product in good to excellent yields.
1.2.2. Synthesis of Indoline Using Cycloisomerization: After our discovery of olefin isomerization using E, we envisioned that the cycloisomerization of 34 might proceed at higher temperature. As shown in Table 15 , the reaction of 34a and 61a with E gave 65a exclusively (entry 1). In contrast to the reaction in CH 2 Cl 2 , the same reaction in refluxing xylene gave 67a as the major product (entry 4) together with 65a. When 10 mol% of E was used, the yield of 67a increased to 81%.
The effect of the substituent at the nitrogen was examined, and the results are summarized in Table 16 . Acetyl, benzoyl, tert-butoxycarbonyl, benzyloxycarbonyl, and methanesulfonyl derivatives gave cycloisomerized products (67, 68) in yields of 69 to 99%. Sulfonamide and derivatives (34a, q) gave indoline (67) in excellent yields. The reaction of methanesulfonyl derivative (34q) with 1 mol eq of 61a gave a mixture of 67 (71%) and 1,2-dihydroquinoline (29%), indicating that 1 eq of 61a was not sufficient for the formation of 67. Consequently, the yield of 67 increased up to 86% with the use of 3 eq of 61a (entry 6).
To determine the scope and limitations of the present catalytic reactions, the substituent effect was examined using several substrates (34a-l), and selected results are shown in Table 17 . All of the substrates, except 34b, 34f and 34g, gave cycloisomerized products in yields of 24 to 84%. This methodology was also extended to the construction of 3-methylene-2,3-dihydrobenzofuran (70a-c). As shown in Table 18 , when O-allyl-o-vinylphenol derivatives (70a-c) were refluxed in toluene with E and 61a, 70a-c were obtained in reasonable yields, except that 69d gave only isomerization product in low yield and 69d was recovered in 62% yield. The results with 34b, 34f, 34g and 69d suggest that chelation between the o-substituent with Ru catalyst and/or steric effects might prevent cycloisomerization.
As a further application, the cycloisomerization of a variety of N-functionalized alkyl-o-vinylanilines was examined. The reactions of 34r, s, and t were performed with 1 eq of 61a with E in refluxing xylene for 2 h (Table 19 ). Diene 34r gave cycloisomerization product 67r as the major product to- 
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Conditions: E (10 mol%), 61a (1 eq), toluene, 2 h, reflux. a) 62% of 69d was recovered.
gether with isomer 65r (entry 1). Isomerization of 34s gave 65s in 32% yield together with unreacted 34s (57%) (entry 2). Likewise, the reaction of 34t gave 65t and 67t in respective yields of 34% and 52% (entry 4). When enamides (65s, 65t) were subjected to the same reaction conditions, 67s and 67t were obtained in respective yields of 66% and 80% (entries 3, 5), which shows that enamides 65 were intermediates for 67. The present cycloisomerization is quite general and useful for substrates with various functional groups.
Exomethylene in 3-methylene-2,3-dihydroindole is a very useful functional group for further transformation. Concerning this exomethylene group, Boger 105) and Sakamoto 106) previously reported hydroboration to introduce a hydroxymethyl group, and Nakagawa 107) and Lectka 108) prepared tryptophan and tryptamine derivatives using an imino-ene reaction. We also found that ozonolysis and RCM can be applied to the synthesis of indoxyl and carbazole derivatives, as shown in Chart 10. Therefore, the cycloisomerization of N-allyl-ovinylaniline (34) is a new method for the synthesis of 2,3-disubstituted indole derivatives.
Using our methods, substituted 1,2-dihydroquinoline, indole and 3-methylene-2,3-dihydroindole were prepared selectively from the common starting material N-allyl-o-vinylaniline 34 and catalyst E by slight modification of the reaction conditions (Chart 11). These procedures address an important issue in diversity-oriented synthesis. 109) 1.2.3. Actual Active Species of Olefin Isomerization and Cycloisomerization: All of the above methods for heterocycles, including RCM of diene, isomerization of terminal olefin and cycloisomerization of diene, were easily carried out using an argon balloon and the standard Schlenck technique. In the isomerization of alkenes under our reaction conditions, the generation of RuH species should be a key step. Hence, we initially attempted to determine the structure of actual active ruthenium species, for the isomerization of terminal olefin as well as the cycloisomerization of diene, under various conditions using Schlenck technique. 22) However, strong support for our working hypothesis came from the reaction performed in a glovebox, which kept the oxygen and moisture concentrations below 1 ppm. We finally found that the reaction of E with 61a gave ruthenium hydride (A) in quantitative yield (Chart 12). Although this catalyst was 110) Grubbs reported that A is generated by the partial decomposition of E in MeOH. 111) However, neither method could give A with high purity. Our method for converting ruthenium carbene complex to ruthenium hydride complex is general and efficient because of its mildness and the high volatility of side products. In addition, this is the first example to show that A can efficiently catalyze the isomerization of terminal olefins and the cycloisomerization of dienes.
When E was reacted with 61f in toluene (0.01 M) at 50°C for 1 h, Fischer carbene catalyst (F) was obtained quantitatively, as reported by Grubbs. 111) Heating of F in toluene at 110°C gave A quantitatively. The presence of excess 61f did not affect the conversion of F to A. At the same time, F has RCM activity 111) but does not have isomerization or cycloisomerization activity. Therefore, in our reaction system (selective isomerization of terminal olefin and cycloisomerization of a,w-diene), 61f interferes with E from reacting with terminal olefin or a,w-diene and efficiently converts E to A through F. We found strong evidence for the generation of RuH complex (A) in pure form.
Synthesis of the Putative Structure of Fistulosin Using Cycloisomerization as a Key
Step 27) : Although the selective and catalytic cycloisomerizations of dienes, in which a new ring is formed without the loss of carbon units, are highly atom-economical reactions, the application of this reaction to the synthesis of natural products or pharmaceutically useful compounds has not been reported because of limitations regarding the range of substrates and the tolerance of functional groups. Hence, we decided to synthesize the reported structure of fistulosin using our cycloisomerization of diene as a key step.
The antifungal indole fistulosin was isolated from the root of Welsh onion (Allium fistulosum L.) by Tomita's group in 1999 (Fig. 6) . 112) Vegetables in the Allium species are known to be rich in flavonoids and alk(en)yl cysteine sulfoxides, which have perceived benefits for human health. 113) Since the late 1980s, biologically active products in Allium species have been investigated and the isolation of nematicidal and antibacterial agents has been reported by Tada's group. 114) Furthermore, Tomita's group reported the isolation of the new alkaloid fistulosin, which exhibited antifungal activities against the wilt-producing fungi Fusarium oxysporum. 112) In agriculture, antifungal agents isolated from natural products, such as fistulosin, are expected to be useful due to their safety toward animals, humans and ecosystems.
Initially, we planned to synthesize the key intermediate, which has an octadecyl group at the 2-position of the indoline core, from o-vinylaniline derivative 71 by ruthenium-catalyzed cycloisomerization. Unfortunately, however, the reaction of 71 in the presence of catalyst E and 61a did not provide the desired cyclized product at all, but rather gave a complex mixture of regioisomers, which were produced by olefin migration of the nonadecenyl side chain (Chart 13).
Therefore, we next chose the enamide 65t as a substrate for cycloisomerization (Chart 14) . This substrate was expected to efficiently undergo our cycloisomerization, and an ester group was used for subsequent extension of the alkyl chain. The preparation of 65t began with the Mitsunobu reaction of readily available 73 with alcohol 74, and treatment of 75 with RuClH(CO)(PPh 3 ) 3 115-118) (10 mol%) provided enamide 65t in 83% yield. With substrate 65t in hand, cycloisomerization of 65t in the presence of Grubbs catalyst E (10 mol%) and 61a (1 eq) in refluxing toluene was carried out and the expected product 76 was obtained as a stable colorless crystal in 87% yield. Installation of a tetradecyl group was achieved through a four-step procedure. Cyclized product 76 was reduced with DIBAL to give aldehyde 77, and treatment of 77 with Grignard reagent gave the secondary alcohol in 93% yield. Mesylation of the hydroxy group followed by reduction of the mesylate with NaBH 4 gave indoline 72, which was converted to 3-indolinone 78 by ozonolysis. Finally, treatment of 78 with conc. H 2 SO 4 at 0°C 119) gave the deprotected product 79a quantitatively in crude form (Chart 15). 3-Indolinone 54a was pure and stable enough to characterize the structure by spectral analyses. However, further purifications of 79a by column chromatography or recrystallization were unsuccessful, even though we used the same procedure reported by Tomita, since 79a was gradually tautomerized to more thermodynamically stable 3-hydroxyindole 79b in solution. [120] [121] [122] Next, we compared the spectral data of 79a to those reported for natural fistulosin (Table 20) . The IR spectrum of synthetic compound 79a revealed a strong band at 1675 cm
Ϫ1
, which was similar to the reported data (1684 cm Ϫ1 ), and the reported characteristic mass peak at 133 [MϪC 18 H 36 ϩ ] was also observed in the spectrum of 79a. On the other hand, the 1 H-NMR spectra showed some remarkable differences. For our synthetic 79a, the chemical shift of the methine proton at the 2-position was observed at 3.75 ppm, in contrast to 2.44 ppm reported by Tomita's group. In addition, conspicuous differences were seen in the 13 C-NMR spectra. For example, the chemical shift of the carbonyl carbon of our sample was observed at 202.7 ppm, in contrast to the reported value of 171.5 ppm. Overall, the spectral data supported the structure of 79a. Thus, we concluded that the spectral data of 79a did not agree with those reported for fistulosin.
We next compared the spectral data of the more stable tautomer 79b and oxindole 80, which are other candidates for the natural product "fistulosin". Tautomerization of 79a pro- ceeded smoothly in an acidic medium, such as aq. HCl or H 2 SO 4 , to give 79b, which could be purified by recrystallization from n-hexane/AcOEt. Although the crystals of 79b were not suitable for X-ray analysis, other spectra, including 2D-NMR spectra (   1   H-1 H COSY, HMBC and HMQC), unambiguously confirmed the structure of 79b. Oxindole 80 was synthesized by the procedures reported by Overman and co-workers. 123) However, the spectral data of both 79b and 80 were also not consistent with those reported for fistulosin (Table 20) . Further investigations are necessary to elucidate the structure of fistulosin.
Development of Palladium Catalyst Supported on GaAs(001): B
Organopalladium catalysts are very important in organic chemistry and widely used in the synthesis of biologically active compounds. 124, 125) The Heck reaction has received considerable attention because it offers a reliable method for carbon-carbon bond formations. 126, 127) Like many organic reactions using organometallic reagents and catalysts, the standard procedure under homogeneous conditions suffers from wasted noble metals or catalytically active metals which are difficult to recover and lost in aqueous work-up. With regard to green chemistry, heterogeneous organometallic catalysts are favored and currently being extensively studied. [128] [129] [130] [131] [132] However, most of these systems do not give as high a level of activity as homogeneous catalysts. Recently, it has been reported that some heterogeneous catalysts showed a higher activity than homogeneous ones, and the mechanism was studied in detail. 133, 134) We have been aiming at the development of more practical heterogeneous catalysts, which should be active, leach-free and easy to handle, and reported an entirely novel organopalladium catalyst supported on a semiconductor surface, GaAs(001), terminated by a sulfur atom layer using molecular beam epitaxy (MBE) 135) or ammonium sulfide solution (Fig. 7) . 136) To the best of our knowledge, no one has reported a semiconductor that is capable of supporting an organometallic catalyst. We expected this new material to amplify the recyclability, or activate differently the aryl halides. In these reports, we have presented the following findings: 1) a {Pd}-S-GaAs(001) plate catalyzed the Heck reaction more efficiently than Pd(PPh 3 ) 4 , which is widely used as a homogeneous catalyst, and could be reused at least 10 times, 2) inactivated {Pd}-S-GaAs(001) could be revitalized by further treatment with Pd(PPh 3 ) 4 , and 3) sulfur-termination in this catalyst was important for stability of this catalyst. 135, 136) Here, we present a method for preparing {Pd}-SGaAs(001), which is drastically improved in both catalytic activity and stability. Some chemical and physical properties of the catalyst were elucidated using X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). Furthermore, experiments were carried out in order to attempt identification of the real active Pd-species.
As we have previously reported, 136) {Pd}-S-GaAs(001), which is named catalyst I, was prepared by a three-step procedure, (NH 4 ) 2 S x treatment (aqueous solution, 60°C, 30 min), and Pd adsorption (Pd(PPh 3 ) 4 , 7.2 mM, 100°C, 12 h) followed by washing at room temperature with acetonitrile (MeCN). This catalyst A could be used for the Heck reaction of iodobenzene (81a) and methyl acrylate (82a) over 10 times (Chart 16). The chemical yield of the 10th run, however, was only 24% and the average chemical yield of 10 runs was 56% (Table 21 , entry 1). To identify a more reactive catalyst, we surveyed the sources of Pd. Catalysts II-V were prepared by the same method as catalyst I except for the source of Pd, and then repeatedly subjected to the Heck reaction as shown in Chart 15. The results are summarized in Table 21 . Catalyst II, prepared with PdCl 2 , showed almost no activity (entry 2). Catalysts III and IV, prepared with Pd(acac) 2 and Pd(MeCN) 2 Cl 2 , respectively, were unstable and lost most of their catalytic activity before the 7th run (entries 3, 4). Catalyst V, prepared with Pd(dba) 2 , retained its activity until the 10th run, but its activity was lower than that of catalyst I (entry 5). In contrast, catalyst V, prepared with Pd(OAc) 2 , had much higher activity than catalyst I and the coupling product was obtained in 79% yield in the 10th run (entry 6). Therefore, Pd(OAc) 2 is the best source of Pd among those tested for preparing {Pd}-S-GaAs(001).
Next, we examined heated-washing conditions after Pd adsorption, since it is possible that excess Pd on the 1112 Vol. 55, No. 8 surface, which is not bound to sulfur, deactivate {Pd}-SGaAs(001) by forming a less active or inactive colloidal Pd species. [137] [138] [139] Hence, catalysts V and VIII were prepared by a new three-step procedure, which consisted of (NH 4 ) 2 S x treatment (60°C, 30 min), Pd adsorption (Pd(PPh 3 ) 4 or Pd(OAc) 2 , 100°C, 12 h), and heated-washing in refluxing MeCN. The catalysts were subjected to the same Heck reaction (Chart 15) over 10 times, respectively. As shown in Table 22 , the activity of catalyst VII, which was prepared with Pd(PPh 3 ) 4 followed by heated-washing, was the same as that of catalyst I, which was not treated by heated-washing. In contrast, catalyst VIII, which was prepared with Pd(OAc) 2 , had higher activity than catalyst VI, that is, the catalytic activity of VIII did not decrease over 10 runs (95%, entry 4), and the average chemical yield over 10 runs was 97%.
We measured the amount of Pd that leached into the reaction solution after the Heck reaction using catalyst VIII by inductively coupled plasma mass spectrometry (ICP-Mass). after the 5th run is a few mg, less than 1.7 ppm. Considering that the amount of immobilized Pd after the 10th run is 125 mg, only trace amounts of Pd were leached after the 5th run.
Unfortunately, after several experiments, we found the reproducibility of the catalytic activity for catalyst VIII was poor. Hence, we optimized the heated-washing conditions. First, we carried out the heated-washing using some solvents (Table 23, entries 1-4) . Among the solvents we examined, catalyst VIII, which had been washed in MeCN at 100°C (bath temperature), had the best catalytic activity. Next, we continued to examine the effect of solvent in heated-washing at higher temperature (135°C, bath temperature). We found toluene can be another candidate for heated-washing, but its catalytic activity was lower than that of catalyst VIII (entry 6). In entry 7, we carried out heated-washing in xylene at 135°C. The activity of catalyst XIV was as high as that of catalyst VIII with good reproducibility and catalyst XIV kept its high activity through 10 runs (entry 7). When heatedwashing was carried out in xylene at 150°C, the activity of catalyst XV decreased slightly (entry 8).
When catalyst XIV was employed, ICP-Mass analysis in- a) The yields were determined by NMR analysis. a) The yields in entry 1 were determined by NMR analysis. The yields in entries 2 to 8 were determined by HPLC analysis. b) Bath temperature. dicated the amount of Pd that leached into the reaction mixture was an extremely low level in each run (0.04-0.26 ppm, Fig. 9 ). These results suggested that heated-washing in noncoordinated solvent can prepare highly reactive and stable catalysts with good reproducibility and lower leaching, although further experiments are required to explain why these differences in catalytic activities appeared just by changing the solvent and temperature in heated-washing. Next, to ascertain the scope and limitation of catalyst XIV, it was subjected to the Heck reaction of other substrates. The results are summarized in Tables 24 and 25 . Bromobenzene (81b) and phenyl trifluoromethanesulfonate (81c), which are widely used as a substrate for the Heck reaction, 140) were totally inactive under our conditions (Table 24 , entries 1, 2). In these cases, catalyst XIV, which was used over 5 runs, still possessed catalytic activity for the Heck reaction between 81a and 82a, therefore, we assume that our catalyst could not undergo oxidative addition with 81b and 81c under these reaction conditions. When 2-, 3-, and 4-iodotoluene were used as substrates, the chemical yields of the corresponding product were varied depending on the position of the methyl group on the aromatic ring (entries 3-5). When 4-iodoanisole (81g) was used as a substrate, the reaction proceeded, although the yields decreased gradually (entry 6).
When 4-bromo-1-iodobenzene (81h) was used, the reaction proceeded chemoselectively to give only 4-bromocinnamate, but the reactivity also gradually decreased (entries 7-9). In entries 10 and 11, the aryl iodides with electron-withdrawing groups at the para-position were used to yield the corresponding products at the 1st run, however, after the 2nd run, the chemical yields decreased drastically, and no reactivity was left after the 5th run. In entry 12, 1-iodonaphthalene, which is known for its occasional low activity, 141) was used as a substrate gave the corresponding product in excellent yield over 10 runs and the average yield was 94%. The fact that the non-or de-activated aryl iodides react better than activated ones (entries 3-6 versus 8, 9) might suggest that the use of the support modify slightly modified the reaction mechanism, or displaced the limiting step of the reaction from the oxidative addition of the aryl halide to Pd(0) to the reductive elimination to give the expected compound, although we do not have enough data to discuss this matter in detail at this stage.
When methyl vinyl ketone (82b) was used instead of 82a, the chemical yield of the 1st run was 76%, [142] [143] [144] [145] [146] [147] [148] and almost the same chemical yield continued through 10 runs.
From these results, we found that our catalyst could catalyze only aryl iodides, and the catalytic activities were also 1114 Vol. 55, No. 8 H-NMR spectra (PhNO 2 (0.25 mmol) was employed as an internal standard.). b) Yields were determined by HPLC analysis. c) Reaction time was 24 h. d ) Reaction was carried out in toluene at 135°C (bath temperature) for 12 h. e) Reaction was carried out in toluene at 135°C (bath temperature) for 24 h. f ) Average yield through 1 to 5 runs. g) 0.50 mmol of acetophenone was used as an internal standard. influenced by the substituent on aryl iodides.
Catalysis Properties
Based on the above discoveries, we investigated the characteristics of catalyst VIII in detail. First, the status of Pd on the surface both before and after these reactions was examined by XPS measurement 149) of catalyst VIII using Mg ka radiation (K.E.ϭ1253 eV) in a separate ultra-high-vacuum chamber. The energy shift due to sample charging was corrected as the C 1s peak is located at 285.0 eV. The XPS spectrum of catalyst H before the Heck reaction exhibited clear peaks of Pd 3d core-level photoemission, indicating that the organopalladium was definitely immobilized as expected (spectrum I in Fig. 10 ). The peak width is slightly wider than that of metal Pd (not shown), suggesting a complex chemical environment and/or partial oxidation of Pd. The binding energy of the Pd 3d5/2 peak, 335.9 eV, is close to that of metal Pd, 335.0 eV, indicating that the valence of Pd is zero, 150) while that of the Pd source, Pd(OAc) 2 , is 2. Even after repeated cycles of the Heck reaction, catalyst VIII showed almost the same Pd 3d peaks (spectrum II in Fig. 10 ), suggesting that the oxidation state of the immobilized Pd did not change in the repeated Heck reactions.
Second, to obtain further information about the surface both before and after 10 runs of the Heck reaction, catalyst VIII was directly surveyed by SEM and compared to the GaAs(001) substrate. As shown in Fig. 11 , catalyst VIII before the Heck reaction had a characteristic structure on GaAs(001) (b) and after 10 runs of the Heck reaction, the surface structure was obviously changed (c and d), although the catalytic activity showed no significant difference between the 1st run and the 10th run of the Heck reaction.
Mechanistic Study
Identification of the real catalyst is one of the important problems in the development of a novel heterogeneous catalyst. 133, 134) First, we conducted a three-phase test. 151, 152) This test can clarify which soluble or insoluble species is the real active catalyst by running a metal-catalyzed reaction in the presence of a substrate immobilized on polymer. We prepared the immobilized iodobenzene (87) according to Davies' protocol, 153) and carried out the Heck reaction of 81a and 87 with 82a in the presence of {Pd}-S-GaAs, catalyst XIV (Chart 17). After the reaction mixture was refluxed for 12 h, the catalyst was removed. Then the reaction mixture was filtered. From the filtrate, 2% of coupling product 83a was obtained. The resin was treated with an excess amount of trifluoroacetic acid (TFA) at room temperature for 2 h to give 88 in 30% yield. As a control, we ran the Heck reaction of only 87 using {Pd}-S-GaAs. In this case, the coupling product 88 was not obtained. Furthermore, using a homogeneous catalyst, Pd(OAc) 2 , the Heck reaction proceeded to give 88 in 62% yield. Next, we examined hot and cold filtration tests to see whether leached Pd species have catalytic activity for the Heck reaction. 154) A mixture of 81a, 82a, Et 3 N, and {Pd}-SGaAs in MeCN was refluxed for 6 h without stirring, and then the catalyst was removed from the 'hot' mixture. The yield of 83a was 13% in this step. The 'hot' solution was continuously refluxed without {Pd}-S-GaAs. After 24 h (total time 30 h), the yield of 83a was 35%. In addition, a mixture of 81a, 82a, Et 3 N, and {Pd}-S-GaAs in MeCN was refluxed for 6 h without stirring. After the mixture was cooled to room temperature, the catalyst was removed from the 'cold' mixture. The yield of 83a was 13% in this step. The 'cold' clear solution was refluxed for 24 h (total time 30 h) without {Pd}-S-GaAs to give 83a in 28% yield. In both cases, the product increased, even if the catalyst was removed from the reaction mixture. However, these chemical yields were much lower than that of the reaction in which {Pd}-S-GaAs was employed from the beginning to the end.
Considering that there is no relationship between chemical yield and amount of leached Pd (Figs. 2, 3) for the Heck reaction, these results indicate: 1) During the Heck reaction, a trace amount of Pd species was leached from {Pd}-S-GaAs into the reaction mixture.
2) The leached Pd species has some activity in the Heck reaction.
3) The catalytic activity of leached Pd is lower than that of {Pd}-S-GaAs. 4) For a highly efficient Heck reaction, the presence of {Pd}-S-GaAs is critical, although we do not know if {Pd}-S-GaAs works as the actual active species or the pre-catalyst.
We have successfully developed a method for preparing {Pd}-S-GaAs(001) (B), the catalytic activity of which for the Heck reaction does not decrease after 10 uses and which shows only trace amounts of Pd leached into the reaction mixture after the 5th run. In addition, it was clear that the immobilized Pd on S-GaAs(001) is Pd(0). This catalyst is easy to recover and transfer under air using a pair of tweezers. We hope that this catalyst might lead to new opportunities in environmentally benign immobilized catalysts and microreactors. Vol 
